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ABSTRACT

We discuss equilibrium and ultrafast optical pump-THz probe spectroscopy of the model stripe-ordered system
La; 75Sr9,sNiO4. We present a multi-oscillator analysis of the phonon bending mode splitting observed at low
temperatures in equilibrium, along with a variational model for the transient THz reflectivity variations. The low
temperature splitting is directly related to the formation of the long-range stripe-order, while the background
conductivity is reminiscent of the opening of the mid-IR pseudogap. Ultrafast experiments in the multi-THz spectral
range show strong THz reflectivity variations around the phonon bending mode frequency (=11 THz).
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1. INTRODUCTION

The dynamics of low-energy excitations and charge transport at the nanoscale is of critical importance for a wealth of
fundamental physics and applications, ranging from quasi 1D conduction in nanostructured materials to charge ordering
in complex compounds. Recently the important role of charge ordering in cuprate high-temperature superconductors
received great attention. Nanoscale charge-order has been linked to the Fermi-arc instability and to the pseudogap
phase'?, which is ultimately competitive to superconductivity’>. Nonetheless the effects of such nanoscale charge
modulations on the transport properties and on the lattice modes of correlated systems have yet to be clarified.

The complex layered material La, ;5Sry,5sNiO4 (LSNO) represents an ideal model system to investigate such physics,
since at low temperatures electrons organize in quasi 1D atomic-scale rivers of charge, called stripes®. Nickelates present
the advantage of having chemical and structural similarity to cuprates yet allowing access to real-space carrier
correlations without superconductivity at relevant doping levels. This allows isolating the physics of stripes and their
dynamics. Recently, ultrafast studies have been very successful in highlighting the relevant cause-effect relations
between real-space charge organization and the low-energy excitations’”. However the ability to detect both short and
long-range order via a single probe has remained challenging.

Here we report ultrafast optical-pump THz-probe spectroscopy of the stripe-ordered system LSNO. Ultrafast
experiments in the multi-THz spectral range show strong THz reflectivity variations around the phonon bending mode
frequency (=11 THz). At low temperatures, this phonon mode exhibits a splitting directly related to the formation of the
stripe order, while the background conductivity is reminiscent of the opening of the mid-IR pseudogap’. The transient
THz probe therefore captures both the electronic and structural dynamics within the same spectrum. The results reveal
the dynamical interplay between charge localization and the bending mode folding, providing insight into the symmetry
breaking dynamics of nanoscale charge-order.

The manuscript is organized as follows. In Section 2 we review the experimental methods, while Section 3 describes the
equilibrium data and the analysis via a multi-oscillator model. Section 4 discusses results from our transient THz
reflectivity study.
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2. EXPERIMENTAL SETUP

In this work we perform equilibrium broadband and time-resolved THz reflectivity measurements of La; 7581 ,5NiOy.
The crystals are grown via the floating-zone method and oriented via Laue diffraction. Crystals are then cut along their
[1 0 0] surface, and subsequently polished for optimal optical flatness. Per orthorhombic notation, the [1 0 0] surface
vector is oriented 45° with respect to the Ni-O bond direction along the ab—plane, in which the charge and spin stripes
are organized. In this way, both the ab-plane and c-axis polarized response is optically accessible. At the doping level
studied here, long-range stripe patterns of doped holes form below the charge-order transition temperature 7co=~105 K.

The equilibrium reflectivity R(w) is measured with a vacuum FTIR spectrometer (Bruker 66v/S) at the Advanced Light
Source (BL 1.4.2). The sample is cryogenically cooled in a liquid helium optical cryostat equipped with mylar and KBr
windows. The measurement geometry employed an 11° angle of incidence to obtain the optical properties close to
normal incidence. With this geometry the reflectivity is measured in a large spectral range, spanning 10 meV to 1 eV,
using a set of different beamsplitters and detectors, for different temperatures and polarizations. Outside this range, the
data are smoothly continued from known optical data of nickelates at similar dopings'®'' and by model functions that
approximate the extreme low- and high-frequency limits. Reflectivity data are converted into the conductivity via the
Kramers-Kronig constrained variational analysis'*.

Ultrafast pump-probe studies are performed in reflection geometry with the setup outlined in Fig. 1(a). The laser source
is a 800 nm, 50-fs Ti:Sapphire regenerative amplifier. A portion of the fundamental laser light is used to pump the
sample. We generate and detect THz radiation using thick GaSe crystals, allowing access to the multi-THz range with
high spectral resolution. The THz pulse spectrum is optimized to be resonant with the in-plane phonon bending mode of
LSNO, i.e., with maximum intensity between 10 and 12 THz.

A schematic representation of the pump-probe experiment is shown in Fig.1(b). The pump pulse excites the LSNO
sample, which is kept in the stripe-phase (below T¢p), while the THz probe pulse detects both the charge and phonon
dynamics. The pump pulse is focused down to a <200 um FWHM spot onto the sample. Based on the available optical
data, the penetration depth of the pump beam is =125 nm. The penetration depth for the THz probe is generally larger,
but varies dramatically across the bending mode resonance. To take into account the strongly frequency dependent
penetration depth mismatch we perform a transfer matrix analysis to analyze the time-resolved data, similarly to
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Figure 1. (a) Scheme of the experimental setup used for broadband time-resolved reflectivity studies of LSNO. The inset
shows the THz spectrum used in the experiment, along with a typical conductivity profile of the phonon bending resonance.
(b) Schematic representation of the pump-probe experiment in the stripe-phase of the LSNO sample. The multi-THz probe
detects both the localization dynamics of short-range charge correlations and the modifications of the Ni-O bending mode
due to long-range charge order.
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3. EQUILIBRIUM CONDUCTIVITY RESULTS AND ANALYSIS

Figure 2(a) shows the in-plane reflectivity spectra of the bending phonon measured on our LSNO sample. Above the
charge-ordering transition temperature the phonon behaves as a single Lorentz oscillator, while below 110 K three sharp
resonances appear. These sharp features become stronger as the temperature is lowered well into the stripe-ordered
phase, suggesting a clear connection to the establishment of long-range ordering. Such behavior is often observed in
materials e>1<4hibiting charge order and it can be associated with the phonon zone folding at qco due to superlattice
modulation .

To analyze the observed results it is necessary to introduce a multiplet of N Lorentz oscillators centered around the high-
temperature bending mode frequency. Thus the complex dielectric function can be expressed as
N 2

Dy (1

gw)=¢g,+
0 (@ -, )i ,0

where & is the background complex dielectric constant, and @, ,an;,I; are respectively the plasma frequency, the
resonance frequency and the linewidth of the j-oscillator. From the complex dielectric function we directly calculate the
reflectivity and conductivity to be compared to the experimental data.

Figure 2(b) illustrates the choice of the number N of phonon modes to be used in the model. In the charge ordered state
the experimental data between 350 and 380 cm™ are better reproduced when using a total of four phonon modes. These
phonons comprise a peak remnant of the broad high-temperature phonon and three additional sharp modes.

The corresponding equilibrium conductivity data around the bending mode, obtained from Kramers-Kronig constrained
variational analysis, are shown in Figure 3. The spectrum confirms the appearance of a multiplet of phonon modes below
Tco. The fitting curves show a good agreement with the data, in turn yielding the resonance frequencies and oscillator
strengths of these modes as a function of temperature (not shown). Our analysis indicate that these three new sharp
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Figure 2. (a) Equilibrium reflectivity of La; ;5Sry,5NiO, at different temperatures across Tco and corresponding multi-
oscillator fits. The arrows indicate the sharp phonon resonances appearing in the charge-ordered state. Curves are offset
vertically for clarity. (b) Detail of the multi-oscillator model. The red line represents a tentative fit with N = 3 modes, while
the black line is the best model, with N = 4. The top graph shows the two respective residuals.
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Figure 3. Equilibrium conductivity of La, 75Sr,,5sNiO4 at different temperatures and corresponding best fit. Curves are offset
vertically for clarity. The arrows indicate the sharp phonon resonances (j = 1,2,3) appearing in the charge-ordered state.

resonances are a direct consequence of long-range ordering, and that their peak intensity can be used to probe the
ordered state, as a complementary technique to X-Ray Diffraction (XRD)".

We also note that the conductivity background at the bending mode frequency is affected by the presence of the mid-IR
pseudogap, which has been described in detail in Ref. [9]. The pseudogap indicates the onset of charge localization and
is therefore an indicator of short-range stripe correlations. In conclusion, a probe resonant with the in-plane phonon
bending mode in LSNO can detect both short- and long-range charge ordering.

4. ULTRAFAST THZ SPECTROSCOPY RESULTS

To probe the dynamics of the short- and long-range order we perform ultrafast THz spectroscopy resonant on the Ni-O
bending mode. We can achieve a resolution Av < 0.2 THz by scanning up to 8 ps of the pump-probe THz field trace, as
shown in Figure 4(a). This resolution is necessary to be able to detect variations of the sharp phonon resonances
associated with long-range ordering. The pump fluence is set to = 0.5 mJ/cm’ and the sample temperature is maintained
at 20 K.

The reflected THz electric field around try, = 0 ps promptly responds to photo-excitation, while a more complex
structure appears in the time-domain THz trace at later pump-probe delay times. The corresponding spectral responses
are shown in Figure 4(b). At a pump-probe delay of Az= 0 ps, the broad increase of the reflected field indicates the
modulation of the electronic background expected for the closing of the pseudogap’. At A= 0.6 and 1.8 ps we observe a
fast decay of this broad component and the appearance of sharp negative features in proximity to the phonon resonances
observed at equilibrium (Section 3).

To interpret the experimental results we consider variations of the multi-oscillator model presented in Section 3. To take
into account the inhomogeneity of the probed volume, due to the pump and probe penetration depth mismatch, we
perform a transfer matrix calculation. The variational model reproduces well the data, with the pseudogap signal
dominating at early pump-probe delays and the sharp phonons being suppressed at later delay times.
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Figure 4. (a) THz temporal traces of the transient variations of the reflected electric field at different pump-probe delays (A¢
=0, 0.6, and 3 ps). (b) THz pump-probe spectral traces at indicated pump-probe 0, 0.6, and 1.8 ps delay times. Dotted
vertical lines mark the positions of the three sharp phonon resonances at equilibrium from Fig. 3(a). The arrows mark the
negative dips in the pump-probe data. Solid lines: variational multi-oscillator fits. Curves are offset vertically for clarity.

Our results indicate the suppression of the sharp phonon signal after photo-excitation, where further analysis shows a
slower relaxation dynamics (t > 3 ps). This timescale is compatible with the amplitude dynamics of long-range order
obtained from time-resolved X-Ray diffraction experiments®. The dynamics of the fast broad spectral component (t < 1
ps) is in agreement with the localization timescale of short-range stripe correlations in LSNO’. The observation of clear
signatures of both short-and long-range stripe correlations in the THz spectral response of LSNO provides
unprecedented insight into the lattice zone-folding dynamics during the suppression of an electronic superlattice
modulation.

5. CONCLUSIONS

To summarize, we discussed equilibrium and ultrafast optical pump-THz probe spectroscopy of the model stripe-ordered
system La, 75S19,5sNiO,4. Ultrafast experiments in the multi-THz spectral range show strong THz reflectivity variations
around the phonon bending mode frequency (=11 THz). The signal is interpreted as large modulations of sharp phonon
side peaks due to the charge-ordering transition. We discuss the multi-oscillator analysis of the phonon splitting in
equilibrium and the variational model used to reproduce the transient THz reflectivity variations. Our ultrafast THz study
discussed here constitutes a novel approach to probe the symmetry breaking dynamics of nanoscale charge-order.
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